The aim of the research was to determine the efficiency of a coagulation process with powdered activated carbon for the removal from surface water of benzo(a)pyrene and 16 polycyclic aromatic hydrocarbons (PAHs), including the sum of four standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption: benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene. For the study, surface water was used, whose composition was modified with standard solution PAH MIX A. In the first stage, for water modified with standard PAH mixture, the coagulation process was conducted. As the coagulants Al 2 (SO 4 ) 3 ·18H 2 O, hydrolysed salts, and polyaluminum chlorides (PAX1910 and PAX19F) were used. In the second stage, the adsorption process was conducted. Powdered activated carbon was used (CWZ-22 and CWZ-30). In the third stage, the coagulation process and the adsorption process were combined. The best effects for the reduction concentrations of the sum of four normalized PAHs, as well as of benzo(a)pyrene, were obtained by applying coagulation carried out with PAX19F and aided by powdered activated carbon CWZ-30. The removal efficiency for these compounds was, respectively, 93.8% and 95.8%.
Introduction
Polycyclic aromatic hydrocarbons (PAH) constitute a group of chemical compounds containing from two to seven condensed aromatic rings [1] [2] [3] [4] [5] [6] [7] . At present, in the environment there are over 300 different recognized compounds classified as polycyclic aromatic hydrocarbons, including 33 which are considered by the Scientific Committee on Food (SCF) to be particularly toxic. In the environment, PAHs do not occur separately, but always in a mixture [8] . The most extensively studied PAH is benzo(a)pyrene, which due to a strong carcinogenic effect and prevalence in the environment, has been recognized as an indicator for the whole group of these compounds [9, 10] . For this reason, several regulations deal with PAHs in the environment. The first was the EPA Consent Decree by the Environmental Protection Agency of the USA (US EPA) in 1976 [11, 12] . PAHs have been the object of many new or updated regulations. One example is the Council Directive 98/83/EC of 3 November 1998 [13] , the Water Framework Directive of the European Union (EU) (Directive 2000/60/EC), that was updated in 2013 (2013/39/EU): another is the Ministry of Health Regulation of 7 December 2017 [14] .
However, PAH reactivity and polarity may change depending on the type and presence of functional groups [15] . PAHs have low volatility and low water solubility, both of which decrease with increasing molecular weight [16] . These compounds are highly soluble in organic solvents, such as benzene, hexane, cyclohexane, and acetone. They demonstrate sensitivity to changes in temperature 
Jar Test Procedure
In the first stage, the coagulation process was conducted in 3 L glass beakers; to each beaker, 2 L of analyzed water was measured. The coagulants, 3 mg Al L −1 , were introduced, and with the use of a mechanical stirrer, fast stirring was executed for 2 min (applying 250 RPM), and then slow stirring for 15 min (25 RPM) . After this time, the samples were subjected to 1 h sedimentation. Afterwards, 0.5 L of water was decanted and analyzed.
In the second stage of the research, the adsorption process was conducted. One liter of analyzed modified water was measured into glass beakers with a volume of 2 L, and powdered activated carbons were introduced. The applied dose of carbons was 30 mg L −1 . Using a mechanical stirrer, mixing was performed at 200 RPM for 15 min. Then, the carbon was separated from the water by filtration of the samples through a paper filter and analyzed.
In the third stage, the coagulation process was combined with the adsorption process. Among the tested coagulants, the highest removal efficiency of PAH was obtained using PAX-XL19F. Taking this into consideration, the efficiency of decreasing the sum of PAH concentrations standardized in the Council Directive 98/83/EC with studied activated carbons differed slightly, the efficiency of remaining PAH removal was higher with the usage of CWZ-30 carbon, CWZ-30 carbon was selected for enhancement of the coagulation process. Two liters of the analyzed modified water was measured into a glass beaker with a volume of 3 L. PAX-19F coagulant was introduced at the amount of 3 mgAl L −1 , and with the use of a mechanical stirrer, fast stirring was conducted for 2 min (applying 250 RPM). Then, 30 mg L −1 carbon CWZ-30 was introduced, and the solution was stirred for a further 2 min. Next, slow stirring was carried out for 15 min (25 RPM). After this period, the samples were subjected to 1 h sedimentation. Then, 0.5 L of water was decanted and analyzed. Opinions regarding the order in which the coagulants are applied vary, and examples of the simultaneous introduction of coagulant and powdered activated carbon, application of coagulant first and then carbon, or the other way round, can all be found. Each of the mentioned methods has advantages and disadvantages. In water treatment plants in Poland, powdered activated carbon is most often introduced into rapid mixing chambers along with the coagulant.
Analytical Procedure
The physicochemical parameters of water were measured with the following methods: pH-potentiometrically; turbidity-with Instruments TN-100 nephelometer (Eutech Instruments Pte Ltd., Singapore), expressed in NTU-Nephelometric Turbidity Unit); color-colometrically with platinum-cobalt standard method; total organic carbon (TOC)-by infrared spectrophotometry with carbon analyzer Multi N/C (Analytic Jena, Germany), aluminum-with Aquaquant 14413 aluminum test.
For PAH separation from water, the solid phase extraction (SPE) method was applied, using Bakerbond company columns with Octadecyl C 18 filling (J.T. Baker Mallinckrodt Baker, Inc. Phillipsburg, NJ, USA). For this purpose, 0.5 L of modified surface water was collected and 0.5 L of water after the coagulation, the adsorption and the coagulation enhanced by the adsorption. Propanol was added to the water samples. The samples were then passed through preconditioned Octadecyl C 18 columns. PAHs were eluted from the column by filling with hexane (3 × 1 mL). The obtained eluate was gently evaporated to dryness under a stream of nitrogen, and then 1 mL acetonitrile was added to the test tube. The sample was analyzed by means of gas chromatography and mass spectrometer GC-MS (Fisons Instruments SpA, Rodano, Italy) [29] [30] [31] [32] [33] [34] [35] . Separation was conducted on a DB-5 column (30 m × 32 mm × 1 µm). A quadrupole mass spectrometer MS 800 (Fisons Instruments SpA, Rodano, Italy), working in a selective mode of ion monitoring was used for detection. Selective ion monitoring (SIM) m/z was applied. For each PAH, three representative ions were chosen. Identification ions of PAHs are shown in Table 2 . Determination was performed for each sample and each four injection of the obtained extract. In order to verify the applied procedure, values of recoveries for aromatic hydrocarbons with low molecular weights were determined. For this purpose, standard mixture 16 PAH MIX A by RESTEK company was introduced into a sample of distilled water and quantitative-qualitative assays of PAH were conducted, according to the procedure described above. The recovery ranged from 50.4% (naphthalene) to 92.8% (phenanthrene). The recovery values were taken into account during concentration calculations. PAH determinations were performed in duplicate.
Results and Discussion
Surface water was characterized by turbidity amounting to 7.5 NTU and color equal to 40 mg L −1 . The TOC content was 9.1 mgC L −1 . The water reaction was slightly alkaline.
The effectiveness of turbidity, color, and TOC removal by various coagulants and type powdered activated carbon are presented in Table 3 . The research results for a coagulant dose of 3.0 mgAl L −1 confirmed higher effectiveness in removal of turbidity, color and organic compounds with the usage of pre-hydrolyzed polyaluminum chlorides PAX-XL1910 and PAX-XL19F. 79% and 89% turbidity removal, 63% and 75% color reduction, were obtained. The efficiency of reduction of organic compound content assayed as TOC amounted to 33% and 38% using PAX, whereas with the application of Al 2 (SO 4 ) 3 this was 24%. The higher effectiveness of pre-hydrolysed coagulants, in comparison to aluminum sulphate, is determined by the presence of polycations Al 2 (OH) 2 4+ , Al 3 (OH) 4 5+ and Al 13 O 4 (OH) 24 7+ , as well as by the difference in structure of precipitated aluminum hydroxide flocs formed during the hydrolysis of these coagulants [36, 37] . Simultaneous use of powdered activated carbon CWZ-30 and coagulant PAX-XL19F improved color removal by 88%. No aluminum ions were present in water after coagulation supported by the addition of activated carbon. PAH concentrations in modified surface water and in water after the coagulation process, the adsorption, and the coagulation enhanced by powdered activated carbon are presented in Table 4 . In the results discussion, the analyzed PAH were divided into following groups: In unmodified surface water, total concentration of analyzed PAH was 21.44 ng L −1 . The presence of compounds representing 3-ring PAH, i.e., acenaphthylene, acenaphthene, phenanthrene, and anthracene, and benzo(b)fluoranthene representing 5-ring PAH, was not determined. The concentration of PAH included in the Council Directive 98/83/EC on the quality of water intended for human consumption, i.e., benzo(a)pyrene and the sum of benzo(k)fluoranthene, benzeno(g,h,i)perylene and indeno(1,2,3-cd)pyrene, were below the permissible level, i.e., 0.05 µg L −1 . The concentration of the remaining PAH ranged from 0.59 (chrysene) to 8.58 ng L −1 (naphthalene). Using the coagulation process, the highest efficiency of reduction of benzo(a)pyrene concentration (by 84.2%) from modified water was obtained after the application of Al 2 (SO 4 ) 3 , and the lowest (by 63.9%) after the application of PAX-XL19F coagulant (Figure 1 The highest efficiency of the reduction of the sum of four standardized PAH, i.e., benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, was obtained in the case of PAX-XL19F coagulant application (by 84.5%). With the usage of the remaining coagulants, Al2(SO4)3 and PAX-XL1910, the efficiencies of reduction of total concentration of these compounds were 59.4% and 67.4%, respectively. The usage of powdered activated carbons CWZ-22 and CWZ-30 allowed a reduction in the sum of four PAH by 69.7% and 67.6%, respectively ( Figure  2 ). The highest efficiency of the reduction of the sum of four standardized PAH, i.e., benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, was obtained in the case of PAX-XL19F coagulant application (by 84.5%). With the usage of the remaining coagulants, Al 2 (SO 4 ) 3 and PAX-XL1910, the efficiencies of reduction of total concentration of these compounds were 59.4% and 67.4%, respectively. The usage of powdered activated carbons CWZ-22 and CWZ-30 allowed a reduction in the sum of four PAH by 69.7% and 67.6%, respectively ( Figure 2) . obtained in the case of PAX-XL19F coagulant application (by 84.5%). With the usage of the remaining coagulants, Al2(SO4)3 and PAX-XL1910, the efficiencies of reduction of total concentration of these compounds were 59.4% and 67.4%, respectively. The usage of powdered activated carbons CWZ-22 and CWZ-30 allowed a reduction in the sum of four PAH by 69.7% and 67.6%, respectively ( Figure  2) . Among the tested coagulants Al2(SO4)3, PAX-XL1910, PAX-XL19F and powdered active carbons CWZ-22 and CWZ-30, the lowest PAH removal from water efficiency was obtained for 2-and 3-ring compounds (Figure 3 ). In case of 2-ring naphthalene, the removal efficiency ranged from 34.9 (Al2(SO4)3) to 57.8% (PAX-XL19F). For 3-ring PAH, a reduction in concentration by 54.8 to 71.1% was obtained. In this group of compounds, after application of Al2(SO4)3 for coagulation, a reduction in Among the tested coagulants Al 2 (SO 4 ) 3 , PAX-XL1910, PAX-XL19F and powdered active carbons CWZ-22 and CWZ-30, the lowest PAH removal from water efficiency was obtained for 2-and 3-ring compounds (Figure 3 ). In case of 2-ring naphthalene, the removal efficiency ranged from 34.9 (Al 2 (SO 4 ) 3 ) to 57.8% (PAX-XL19F). For 3-ring PAH, a reduction in concentration by 54.8 to 71.1% was obtained. In this group of compounds, after application of Al 2 (SO 4 ) 3 for coagulation, a reduction in concentration in the range of 56.6 (fluorene) to 69.0% (acenaphthene) was obtained. With the usage of PAX-XL1910 coagulant, the concentration of 3-ring PAH decreased from 51.7 (acenaphthylene) to 75.6% (fluorene). The application of PAX-XL19F influenced the decrease in the concentration of these compounds from 54.8 to 67.0%. The efficiency of removal from water of 3-ring PAH with powdered activated carbons CWZ-22 and CWZ-30 ranged from 42.2 to 64.6% (Figure 3 ). (Figure 4) . After applying PAX-XL1910 coagulant, the concentration of 4-ring PAH decreased from 57.2 (benzo(a)anthracene) to 81.5% (fluoranthene). The usage of PAX-XL19F improved the PAH removal efficiency and a decrease in concentration from 66.0% (chrysene) to 87.4% (benzo(a)anthracene) was obtained. The efficiency of 4-ring PAH removal from water in the sorption process using powdered activated carbon CWZ-30 ranged from 83.4 to 88.7%, and was higher than the efficiency of CWZ-22 carbon (Figure 4) . For 4-ring PAH, a reduction in concentration from 57.2 to 88.7% was obtained. In this group of compounds, with the usage of Al2(SO4)3 for coagulation, a decrease in concentration in the range of 60.49% (pyrene) to 69.29% (chrysene) was obtained (Figure 4) . After applying PAX-XL1910 coagulant, the concentration of 4-ring PAH decreased from 57.2 (benzo(a)anthracene) to 81.5% (fluoranthene). The usage of PAX-XL19F improved the PAH removal efficiency and a decrease in concentration from 66.0% (chrysene) to 87.4% (benzo(a)anthracene) was obtained. The efficiency of 4-ring PAH removal from water in the sorption process using powdered activated carbon CWZ-30 ranged from 83.4 to 88.7%, and was higher than the efficiency of CWZ-22 carbon (Figure 4) . Among the tested coagulants Al 2 (SO 4 ) 3 , PAX-XL1910, PAX-XL19F, the highest removal efficiency of dibenzeno(a,h)anthracene (87.4%) was obtained using PAX-XL19F. In case of the application of powdered activated carbons CWZ-22 and CWZ-30, the removal efficiency of dibenzo(a,h)anthracene was comparable, and amounted to 61.3% and 64.7%, respectively.
The best results of reducing the concentration of benzo(a)pyrene, total of four standardized PAH, as well as concentration of the remaining PAH, were obtained using coagulation enhanced by powdered activated carbon (Figures 1-4) . In the combined process, the application of PAX-19F coagulant, and subsequently CWZ-30 carbon, yielded a decrease in the concentration of analyzed compounds in the range of from 57.8 (naphthalene) to 96.0% (pyrene, chrysene). For benzo(a)pyrene, the removal efficiency was 95.8%, and the reduction of the sum of the four standardized PAH was 93.8%.
The obtained results indicate that the coagulation, the adsorption and the coagulation enhanced by powdered activated carbon are effective in the removal from water of polycyclic aromatic hydrocarbons, including benzo(a)pyrene, and four standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption. It was observed that the selectivity of PAH removal from water depends on the physico-chemical properties of the compound (e.g., number of rings in the molecule, hydrophobicity). Similarly, according to the literature data, the efficiency of removal of organic micropollutants from water is affected by the type of process used, e.g., coagulation, filtration, adsorption, oxidation, or combined processes [23, [38] [39] [40] ), which is confirmed by the results of conducted research.
According to the literature, the efficiency of the coagulation process is influenced by (1) the type and dose of the coagulant; (2) treated water composition, including content and properties of organic contamination; (3) pH; (4) water alkalinity; and (5) physicochemical properties of removed organic micropollutants [25] . In the available literature, no studies were found on the effect of coagulant dose and water pH on the effectiveness of PAH removal in the coagulation process. The application of Al 2 (SO 4 ) 3 or polyaluminum chlorides as coagulants for organic contaminant removal is recommended by many authors [25, 41] . The obtained results suggest that, when using polyaluminum chlorides for organic micropollutant removal from water, their alkalinity is important, which should equal ca. 70%. Alkalinity of PAX-XL1910, PAX-XL19F was ca. 85%, which could affect the efficiency of the coagulation using these coagulants in PAH removal in comparison to the effects obtained during the coagulation with Al 2 (SO 4 ) 3 . The concentration of analyzed PAH decreased in the range of 32.9 (naphthalene) to 90.5% (indeno (1,2,3-cd) pyrene). The best results were obtained using PAX-XL19F for 4-6-ring PAH removal. The obtained results confirm the results of studies of other authors [42] . Higher removal efficiency of PAH containing 4-6 rings can be explained by their good sorption on particulates. Li and co-authors [43] demonstrated that during the coagulation of organic micropollutants, sorption of these compounds on particles of organic matter naturally occurring in water (NOM) plays an important role. The authors demonstrated that polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) occur in water in a form bound to NOM, and during coagulation will be removed along with the NOM particulates. PAH strongly bonded to suspended solids and particulate surface, including indeno(1,2,3-cd)pyrene, benzo(g,h,i)perylene, dibenzo(a,h)antracene, and benzo(k)fluoranthene. For these compounds, the removal efficiency in the coagulation process was higher than the removal efficiency of 2-and 3-ring PAH. The obtained results confirm the correlation between PAH hydrophobicity (expressed by the partition coefficient n-octanol/water i.e., K o/w ) and the coagulation effectiveness in removal of these pollutants from water. According to Tadkaew et al. [44] , for compounds demonstrating log K o/w > 3.2, higher efficiency of their removal in the coagulation process is achieved. The log K o/w value of analyzed PAH ranges from 3.30 to 6.58, which explains the good performance of the coagulation process in their removal. Generally, for analyzed compounds, it was demonstrated that along with increasing PAH, log K o/w efficiency of their removal increases.
The effectiveness of the adsorption process is influenced by the type of used carbon (specific surface area, porosity, polarity, and chemical nature of the carbon surface) and the properties of removed organic micropollutants (molar weight, spatial structure of the molecule, solubility, ionic strength), as well as the temperature of the solution in which the adsorption process occurs [23, 38, 45, 46] . Unsatisfactory results of adsorption of naphthalene may arise from the nature of the applied powdered activated carbons. Research conducted by Anita and co-authors [47] has demonstrated that the adsorption capacity in different carbon materials depends not only on the textural characteristics of the material but also on the functionalities of the activated carbons. The micropores of the adsorbents, particularly those of narrower diameter, were found to be active sites for the retention of naphthalene. In the adsorption process, dispersion forces play an important role. The authors report that for the adsorption of naphthalene a carbon with higher non-polar character is effective.
The obtained results demonstrate a correlation between PAH adsorption effectiveness and specific surface area of the powdered activated carbon. Applied in the research powdered activated carbons, CWZ-22 and CWZ-30 were characterized by a specific surface area of 960 m 2 g −1 and 1134 m 2 g −1 , respectively. The best results were obtained using activated carbon CWZ-30, which was characterized by a greater specific surface area. Upon application of this sorbent, a decrease in analyzed PAH concentration in water was obtained, ranging from 46.5 for indeno(1,2,3-cd)pyrene to 88.7% for fluoranthene. Similar results for organic micropollutants were obtained by Liyan and co-authors [48] . The authors conducted a research on the removal of hydrophobic organic chemicals (HOCs) using powdered activated carbon and granular-activated carbon. The effectiveness of adsorption of these compounds ranged from 73.4 to 89.2%.
The research results did not confirm that an increase in molecular weight of the compound causes an increase in the adsorption efficiency. It has to be noted, however, that adsorption is affected not only by molar weight, but also by the spatial structure of the molecule, and above all, by specific interactions between the basal planes of activated carbon and the polyaromatic structure of PAH [47] . Research conducted by Guo and co-authors [49] have demonstrated that adsorbent pore structure characteristics (i.e., pore shape and pore size distribution) and adsorbate molecular conformation are important in determining the adsorption of aromatic synthetic organic compounds (SOCs) by porous carbonaceous adsorbent.
Based on the research, it was concluded that an improvement in the efficiency of PAH removal from water may be achieved by using a coagulation process enhancement with powdered activated carbon. The usage of PAX-XL19F coagulant and powdered activated carbon CWZ-30 has improved the efficiency of PAH removal max. up to 96.0% for benzene(g,h,i)perylene. It has been shown that the combination of the coagulation with the adsorption increases the efficiency of PAH removal from contaminated water. For the practical application of the results, it would be necessary to verify the research by the determination of the optimal coagulant dose and the pH of water.
Conclusions
Based on the obtained results, the following conclusions were drawn: -the application of coagulants Al 2 (SO 4 ) 3 , PAX-XL1910, PAX-XL19F and powdered activated carbons CWZ-22 and CWZ-30 was effective in PAH removal in the range of 32.9 (naphthalene) up to 90.5% (indeno(1,2,3-cd)pyrene); -in the coagulation process, high efficiency of reduction of the sum of the four standardized PAH, i.e., benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, was obtained using PAX-19F coagulant (84.5%); the usage of Al 2 (SO 4 ) 3 or PAX-XL1910 obtained an efficiency of removal of these compounds of 59.4% and 67.4%, respectively; -a good efficiency of removal of benzo(a)pyrene (84.2%) was obtained during coagulation using Al 2 (SO 4 ) 3 ; -among the applied coagulants, good removal for most PAHs was obtained in the coagulation process with polyaluminum chloride PAX-XL19F; -the application of powdered activated carbons CWZ-22 and CWZ-30 reduced the concentrations of benzo(a)pyrene by 49.5% and 66.1%, respectively, while the total concentration of four PAH decreased by 69.7% and 67.6%, respectively; -better removal efficiency for micropollutants in the process of coagulation and adsorption was demonstrated for PAH containing 4-6 rings; -the adsorption on powdered activated carbon reduced the concentrations of analyzed PAH max. up to 89.3%; the best results were obtained using activated carbon CWZ-30, which was characterized by a higher specific surface area; -the combination of the coagulation and the adsorption increased the efficiency of removal of PAH from contaminated water; the best results of removal of analyzed PAH were obtained using polyaluminum chloride PAX-XL19F and powdered activated carbon CWZ-30; a decrease in benzo(a)pyrene concentration and total concentration of four PAH in water by 95.8% and 93.8%, respectively, was obtained.
